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PDREWORD 


During  World  War  II,  since  some  natural  textile  fibers  were  in 
short  simply,  both  the  United  States  and  Germany  turned  their  attention 
to  problans  related  to  the  serviceability  of  textile  materials «  The 
Germans  concentrated  on  using  man-made  fibers  of  lesa  general  service¬ 
ability  than  some  of  the  natural  fibers  and  on  attaining  the  highest 
possible  efficiency  from  their  limited  industrial  capacity o  A  collec¬ 
tion  of  the  more  important  wartime  German  publications  on  the  service¬ 
ability  of  textiles  was  translated  after  the  war  and  published  in  a 
report  issued  through  the  U.  So  Department  of  Commerces  In  the  United 
States,  the  pressure  on  the  industrial  capacity  did  not  become  critical 
until  the  latter  part  of  19iiiio  During  this  time  and  in  the  immediate 
postwar  period,  intensive  studies  on  textile  serviceability  were 
carried  out  by  Dto  Stanley  Backer  and  the  late  Mr,  Seaman  Jo  Tanenhaus, 
both  of  whom  were  associated  with  the  Quai'termaster  Development  Labora¬ 
tories,, 

With  the  rapid  growth  of  the  United  States  economy  and  the  in¬ 
creased  availability  of  fibers  of  all  tjrpes,  military  programs  on 
serviceability  were  de-emphasized  and  effort  was  concentrated  rather 
on  the  protective  aspects  of  fabric  performance o  However,  upon  the 
outbreak  of  war  in  Korea,  wool  pi'ices  skyrocketed  and,  simultaneously, 
wool  production  in  this  country  declined.  As  a  result,  in  1951  the 
Quartermaster  Corps,  acting  on  recommendations  from  Industry  and  on 
the  advice  of  the  National  Research  Council,  initiated  studies  to  de- 
ternine  the  feasibility  of  extending  the  available  supply  of  wool  by 
incorporating  significant  amounts  of  man-made  fibers  into  the  l8-ounce 
serge  and  producing  prototype  fabrics  that  could  be  used  in  place  of 
the  all-wool  in  the  event  of  further  emergency  situations.  These 
studies,  reported  in  the  QM  R&E  Textile  Series  Report  98,  "Blends  of 
Wool-Type  Fabrics,"  have  provided  considerable  valuable  data  for  the 
establidiment  of  criteria  for  optimum  functional  performance. 

Subsequent  research  and  development  efforts  in  the  textile  fiber 
field  led  to  the  cornnercialization  of  several  new  man-made  fibers  and 
to  the  modification  and  improvement  of  older  man-made  fibers.  These 
developments  stimulated  a  broad  spectrum  of  studies  both  within  the 
military  departments  and  outside  them.  The  present  report  represents 
one  phase  of  a  study  conducted  jointly  by  the  Quartermaster  Corps  and 
the  Air  Force.  It  covers  field  and  laboratory  evaluation  of  the  wear 
resistance  of  13  experimental  serge  fabrics  containing  some  of  the 
new  man-made  fibers.  Two  earlier  phases  were  concerned  with  the  pro¬ 
cedures  used  in  manufacturing  these  and  8  additional  fabrics  (Textile 
Series  Report  106)  and  with  their  complete  analysis  in  the  laboratory 
(Textile  Series  Report  107) c 
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This  report  on  wear  resistance  is  timely  because  wider  applica¬ 
tions  for  man-made  fiber  blends  and  the  development  of  new  theories  to 
explain  wear  have  aroused  considerable  interest  in  the  United  States 
in  wear  resistance.  Recent  publications  of  the  National  Cotton  Council 
and  the  Armour  Research  Foundation  Indicate  the  renewed  importance  be¬ 
ing  given  to  this  subject.  In  addition  to  providing  laboratory  and 
field  wear  test  data,  this  report  includes  information  about  some  of 
the  mechanisms  that  may  be  applicable  to  the  wear  of  textile  fabrics. 

It  is  hoped  that  this  information  will  prove  useful  and  that  it  will 
stimulate  additional  studies  on  the  subject, 

A  great  many  individuals  contributed  to  this  three-phase  study, 

Mr.  Constantin  J,  Monego,  formerly  Project  Engineer  in  charge  of  the 
wool  conservation  program  at  the  Quartermaster  Research  and  Engineer¬ 
ing  Command,  was  the  author  of  the  first  phase  report.  He  also  super¬ 
vised  the  contract  work  at  the  Harris  Research  Laboratories  that 
resulted  in  the  second  ph'iSe  report  by  Dr,  John  Menkart.  In  this,  the 
third  phase,  wear  tests  were  carried  out  at  the  Quartermaster  Field 
Evaluation  Agency  under  the  supervision  of  Mr.  Johnnie  M.  Matthews  and 
Mr.  Paul  James;  abrasion  tests  at  the  Quartermaster  Research  and 
Engineering  Command  were  carried  out  under  the  supervision  of  Mr.  Harry 
F.  Smith  and  Mr.  Clarence  J.  Pope,  Special  acknowledgement  is  given  to 
Mr,  Harry  F,  Smith,  who  developed  the  sand  abrader  and  directed  its  use, 
and  to  Miss  Editha  Stone,  who  edited  this  report. 
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ABSTRACT 


The  wear  resistance  of  13  experimental  blended  serge  fabrics  was 
evaluated  on  the  Wool  Fabric  Course  of  the  Quartermaster  Field 
Evaluation  Agency  at  Fort  Lee,  Virginia,  and,  by  means  of  the  Stoll 
Flex  Abrader  and  a  new  Sand  Abrader,  at  the  Quartermaster  Research 
and  Engineering  Laboratory  in  Natick,  Massachusetts. 

The  evaluation  indicates  that  wear  resistance  is  influenced  by 
blend  composition  and  the  energy-ab sorbing  ability  of  the  component 
fibers.  The  results  of  the  sand  abrasion  tests  were  found  to  be 
similar  to  those  produced  on  the  wool  course  and  suggest  that  the 
sand  abrader  may  be  useful  in  indicating  wool  course  results.  The 
theory  behind  some  of  the  mechanisms  that  may  influence  the  wear  of 
textile  fabrics  is  included  in  order  to  point  out  additional  ap¬ 
proaches  to  the  problem  of  wear. 
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A  SURVEY  OF  18-OUNCB  BLENDED  SERGE  FABRICS: 
WEAR  RESISTANCE 


Intro  d\icti  on 


This  is  the  third  in  a  series  of  reports  summarizing  the  results 
of  a  study  of  alternates  for  the  l8-ounce  all-wool  worsted  serge* 
used  by  the  military  forces  of  the  United  States.  The  purpose  of  the 
study  was  to  develop  fabrics  that  would  meet  or  exceed  the  performanc 
standards  established  for  the  all-wool  serge  and  that  would  contain  a 
significant  proportion  of  fibers  thatj  in  the  event  of  an  emergency 
situation,  would  be  more  readily  available  than  the  grades  of  wool 
required  to  produce  the  standard  serge. 

The  first  report  (l)  described  the  manufacturing  procedures  used 
in  thr  production  of  20  experimental  blends  and  the  physical  prop¬ 
erties  of  the  finished  fabrics  and  of  some  fabrics  selected  from 
intermediate  stages  of  production.  The  second  report  (2)  presented  a 
laboratory  evaluation  of  the  fabrics.  The  present  report,  the  third 
in  the  series,  is  concerned  with  a  comparison  of  the  wear  resistance 
of  the  fabrics  as  determined  on  the  Wool  Fabric  Course  of  the 
Quartermaster  Field  Evaluation  Agency  at  Fort  Lee,  Va.,  and  in  the 
Quartermaster  Research  and  Engineering  Laboratory  in  Natick,  Mass. 

It  is  possible  that  the  results  of  troop  acceptability  trials  con¬ 
ducted  by  the  Air  Force  on  garments  made  fron  a  number  of  the  experi¬ 
mental  fabrics  may  be  published  as  a  fourth  and  final  report  in  this 
series. 

The  need  for  research  on  blended  serge  fabrics  was  recognized 
during  the  Korean  War  when  the  gap  between  the  production  and  con- 
smption  of  tooI,  plus  unsettled  market  conditions,  led  to  a  critical 
domestic  supply  situation.  Data  for  annual  wool  production  and 
consmption  computed  (l)  from  statistics  of  the  National  Association 
of  Wool  Manufacturers  for  the  period  19ii0  to  19514  are  given  in  Table 
I. 


«■  Described  in  Specification  MIL-C-823B  as  Type  I,  Class  1. 


TABLE  I 


Annual  U.S,  Production  and  Mill  Consumption  of  Wool-» 
(millions  of  pounds) 


Year 

Production 

Consumption 

I9I4O 

188 

hOB 

1912 

202 

6oh 

19hh 

188 

623 

19h6 

170 

7li8 

19h8 

137 

693 

1950 

119 

635 

1952 

127 

h66 

19Sh 

135 

383 

*  Scoured  basis. 

In  1950,  production  dropped  to  119  million  pounds,  the  lowest 
amount  for  the  entire  Ih-year  period.  As  an  inmediate  emergency  step, 
specifications  were  developed  for  a  wool/nylon  ana  a  wool/viscose 
18-ounce  serge.  Neither  fabric  proved  to  be  completely  satisfactory. 
The  former  presented  prt)bleras  in  sewing  and  tailoring  and  the  latter 
lacked  durability. 

In  1953}  the  Quartermaster  Corps  initiated  a  Joint  program  that 
was  srfiported  in  part  by  the  Air  Force.  This  program  led  to  the 
production  of  20  experimental  fabrics  that  varied  in  fiber  fineness, 
blend  composition,  and  weave.  Among  the  fabrics  varying  in  fiber  fine¬ 
ness  were  three  that  used  the  coarse  $6’s  grade  of  wool.  It  was  hoped 
to  establish  whether  or  not  the  more  readily  available  $6's  would  be 
as  satisfactory  as  the  standard  60*6  wool  from  the  standpoint  of  ac¬ 
ceptability,  Also,  it  was  anticipated  that  the  56* s  wool  would  have  a 
longer  wear  life  than  the  60's;  thus  it  was  used  both  in  a  100  percent 
wool  construction  and  in  blends  with  viscose.  In  the  blend  composition 
series  the  thermoplastic  synthetic  fibers  were  limited  to  30  percent, 
since  a  higher  ratio  mi^t  have  impaired  the  ability  of  the  fabric  to 
offer  protection  against  some  types  of  thermal  weapons.  In  the  weave 
series  it  was  hoped  that  weaves  with  longer  floats,  such  as  the  Mayo 
twill  and  satin,  would  increase  the  wear  life  of  the  fabric  and  thus 
permit  larger  percentages  of  viscose. 

Table  II  lists  the  experimental  fabrics  grouped  according  to 
variables  in  composition  and  construction. 
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TABLE  II 


Experimental  Fabrics  Grouped  According  to  Variables  In 
Cotapoaition  Construction 


Complete  laborator7  data  on  the  physical  properties  of  these 
fabrics  (2)  are  tabulated  in  Appendix  A  of  this  report.  Recommenda¬ 
tions  based  upon  the  laboratory  data  are  quoted  below  (from  Reference 
2,  pp.  31-39)*  as  background  information  for  the  wear  resistance 
?inding8  which  follow. 


*  Trade  names  of  the  synthetic  fibers  are  omitted  from  the  qpiotation 
and  generic  names  are  used  instead,  inserted  within  brackets. 


•^Weave 


"The  Mayo  twill  and  the  satin  fabrics  are  appreciably  different  in 
hand  and  appearance  from  the  standard  2/2  twill.  They  are  appreciably 
limper  and  less  wind  resistant  than  the  standard,  and,  used  wajrp-flush, 
are  predicted  to  have  a  low  resistance  to  wear.  They  may  be  excluded 
from  further  consideration.  The  crowfoot  differs  little  from  the  twill 
in  eitha:  appearance  or  measurable  properties;  no  advantage  from  its 
use  is  readily  apparent.  The  garbardine  is  similar  to  the  twill  in  its 
appearance  and  durability  characteristics,  but  appears  to  offer  some 
advantage  in  wearer  comfort  by  virtue  of  its  greater  softness  and 
lower  bending  stiffness;  it  is  recommended  for  further  study  in  compo" 
sit  ions  othe"  than  the  70/30  wcol/viscose  blend  here  evaluated, 

"Wool  Grade 


"The  l8“0ur)ce  serge  made  from  56 -s  wool  differs  little  from  that 
composed  of  the  standard  60*3  in  functional  properties,  but  has  a 
slightly  harsher  hand.  It  seems  likely  that  an  appreciable  dilution 
of  the  60’s  by  the  coarser  wool  can  be  accomplished  before  even  the 
effect  on  hand  becomes  apparent  to  anyone  except  an  expert.  The  use 
of  56’ s  wool,  as  a  substituent  or  diluent,  for  broadening  the  base  of 
the  wool  supply  appears  a  useful  approach, 

"Visccse  Rayon 

”The  introduction  of  viscose  rayon  causes  lowering  in  the  resistance 
to  wetting,  and  a  greater  ease  of  Ignition  on  exposure  of  the  fabric 
to  flane.  With  305^  viscose  (but  not  15^)  the  fabric  is  also  sonewhat 
leaner  and  harsher  than  the  standard.  It  is  considered  that  15^  of 
viscose  may  be  incorporated  in  the  fabric  with  only  a  slight  loss  in 
functional  properties;  at  the  30^  level,  this  loss  is  becoming  notice¬ 
able,  There  is  little  to  be  gained  from  increasing  the  denier  of  viscose 
from  3  to  5"l/2  in  blending  with  56*5  wool, 

"The  utilization  of  viscose  (20^)  in  a  ternary  blend  with  wool 
(70^)  and  nylon  (lO^)  appears  to  have  merit.  The  fabric  has  the  ready 
liquid  moisture  •'.daorption  characteristic  of  the  viscose  blends,  but  in 
terms  of  other  comfort  and  appearance  factors,  and  in  durability,  it 
behaves  like  an  all-wool  or  wool^nylon  structure.  This  composition, 
offering  as  it  does  an  aopreciable  reduction  in  wool  requiranaits  and  a 
lowering  in  materials  costs  with  substantial  maintenance  of  functional 
properties,  merits  serious  ccnsideration  as  a  potential  alternate  for 
the  all=wool  serge,  A  sewing  finish  is  needed  for  its  manufacture  into 
garments  on  a  production  scale o 

"Nylon  and  /Polyester/ 

"The  incorporation  of  these  two  fibers,  at  the  levels  evaluated, 
causes  no  significant  change  in  the  comfort  or  appearance  rating  of  the 
fabric,  and  results  in  an  appreciable  increase  In  durability^  On  the 
other  hand,  thermal  protection  is  diminished,  all  the  fabrics  exhibiting 

.1; 


raelt-Hdripping  once  ignitedo  The  lowering  in  thermal  resistance  is  least 
evident  in  the  nylon  blendj,  and  this  construction  therefore  appears 
the  most  promising  of  those  in  this  group  as  a  potential  alternate  for 
the  all-wool  l8“0unce  serge.  The  application  of  an  effective  sewing 
finish  would  be  needed  for  its  utilization. 

”As  noted  above,  the  blend  containing  20^  viscose  and  105^  nylon 
approaches  the  lS%  nylon  blend  in  its  functional  properties,  with  one 
exception,  its  greater  ease  of  wetting.  Since  the  properties  of  the  two 
structures  are  so  nearly  similar,  the  ternary  blend,  which  is  more 
economical  in  wool  usage,  is  to  be  preferred. 

"The  Acrylics  ,;^ind  Modacryli^ 


”In  the  structures  under  consideration,  the  incorporation  of  the 
acrylic  /md  modacrylj^fibers  leads  to  an  increase  in  bending  stiffness 
of  the  fabric  on  exposure  to  the  type  of  pressing  operation  usual  in  wool 
garment  manufacture  and  in  dry  cleaning.  The  effect  is  largest  in  the 
case  of  the  ^/m^acryl jn7(where  it  is  accompanied  surface  glazing), 
intermediate  in  ^crylic^^and  least  in  /Tcrylic^/.  This  point  apart, 
the  fabrics  are  broadly  equivalent  to  the  all-^’ool  standard  in  their 
comfort,  appearance,  and  durability  characteristics.  They  do  not  equal 
the  all-wool  standard  in  their  thermal  protection  pa'formance, 
especially  at  the  30^  level.  For  applications  where  protection  from 
fire  is  an  Important  criterion  of  suitability,  these  blends  are  somewhat 
less  desirable  than  the  all-wool  standard. 

''On  the  basis  of  tendency  to  stiffen  and  glaze  in  pressing,  the 
relative  order  of  desirability  is;  _^ryliC‘^,  ^^rylic"^/,  and 
^dacryl^. 

■'Like  the  nylon  and  ^j^lyestejr/structures,  those  containing  the 
acrylics  modacrylic/ require  the  use  of  a  sewing  finish  for  satis¬ 

factory  garment  raanufacture^o 

"Overall  Order  of  Desirability  of  E3q)erimental  Fabrics 

**lo  Fabrics  recommended  for  field  uses 

a.  70/20/10  wool/viscose/nylon 

b.  85/15  wooi/nylon 
c«  70/30  wool/viscose 

"2.  Fabrics  recommended  for  other  uses.  There  are  forms  of  wear 
in  which  thermal  protection  is  a  minor  factor  in  the  overall  merit  ratingj 


■s-Frederick,  E»  B.  et  ai.  Analysis  of  Sewing  Characteristics  of  Various 
Eicperijnental  l8=oZo  Serge  Fabrics.  TEL  Rpt.  191.  QM  R&E  Command.  Natick, 
Mass.  (1958) 
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examples  are  service  clothing,  and  such  combat  garments  as  are  worn 
under  an  outer  layer  of  thermally  resistant  clothing„  For  such  applica” 
tions  the  following  materials,  in  addition  to  those  listed  above,  are 
considered  suitable,  in  the  order  given? 

do  70/30  wool/ nylon  _ 

So  70/30  wool/  /j^lyester/ 
f  0  70/30  wool/  ^crylic=V 

gc  70/30  wool/  ^cryliC'=^<.’'  (end  of  quote) 

The  conclusions  reached  as  a  result  of  these  former  laboratory 
studies  must  be  tempered  ty  the  realization  that  each  of  the  materials 
analyzed  represented  a  sanple  obtained  from  one  production  lot  produced 
by  one  manujfacturer ,  It  would  be  expecting  too  much  to  assume  that  the 
properties  observed  would  represent  an  average  performance  for  all 
blends  similar  in  fiber  content  and  weavec  It  is  conceivable  that 
alterations  in  blending  or  manufacturing  techniques  might  lead  to  marked 
changes  in  one  or  more  of  the  fabric  propertieso  In  most  cases,  however; 
the  general  trends  in  performance  which  were  observed  have  a  valid 
theoretical  foundation  that  may  be  used  as  a  basis  for  planning  more 
production  studies,, 

2o  Mechanisms  of  Wear 


Evaluation  of  ths  abrasion  and  wear  resistance  of  textile  fabrics 
continues  to  be  an  extremely  difficult  problemo  The  difficulty  arises  In 
part  from  the  lack  of  a  significant  body  of  data  relating  the  laboratory 
and  accelerated  field  wear  of  a  variety  of  fabric  types  to  their  perform^ 
ance  in  actual  useo  In  addition,  the  multiplicity  of  laboratory  abrasion 
instruments  and  the  great  variety  of  conditions  under  which  they  may  be 
used  create  problems  in  selection  which  cannot  be  readily  resolved  on  the 
basis  of  existing  knowledge  about  the  significance  of  the  abrading  mecha- 
nismso  Finally,  it  is  becoming  increasingly  recognized  that  the  response 
of  some  fabrics  to  specific  types  of  abrasion  is  often  caused  by  subtle 
interactions  between  the  fabric  and  the  abradant  which  do  not  always  re¬ 
flect  the  actual  mechanical  properties  or  wearability  of  the  fabrics^ 

For  exanple,  it  has  been  shown  (3)  that  minute  amounts  of  a  normal  fabric 
finish  can  lead  to  a  rather  large  increase  in  laboratory  flex  abrasion  re¬ 
sistance,  although  the  same  finish  may  not  contribute  to  additional  wear 
in  the  fieldo  On  the  other  hand,  it  is  probable  that  in  laboratory  ab¬ 
rasion  testing,  an  equilibrium  situation  occurs  in  which  rather  high 
temperatures  are  reached  and  sustained  during  the  course  of  the  test® 

These  temperatures  may  be  sufficiently  high  to  caxise  a  change  in  the 
stress=strain  properties  of  some  thermoplastic  fibers  and  thus  lead  to 
their  more  rapid  failure  and  a  decrease  of  their  abrasion  resistance 0 

Anotter  problem  is  that  the  determination  of  a  valid  abrasion 
end  point  is  more  difficult  for  wool  blends  than  for  unblended 
fabrics 0  During  the  abrasion  of  blends  of  wool  wilh  high^tenacity 
nylon,  the  wool  is  selectively  removed  from  the  fabric  by  the 
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nibbing  and  snagging  action  of  the  abradant »  Often  a  major  portion  of 
the  wool  fibers  is  nibbed  from  the  fabric,  leaving  only  a  skeletal 
framework  of  nylon„  Obviously  such  a  fabric  is  no  longer  useful  for 
its  original  purpose,  although  it  still  would  have  considerable  residual 
abrasion  resistance  if  the  abrading  action  were  continued  to  rupture^ 

In  the  second  report  (2)  of  this  series,  the  laboratory  evaluation  of 
abrasion  resistance  was  based  upxm  an  end  point  determined  by  the  de¬ 
nuding  of  wool  from  the  fabric  structure o  While  this  end  point  is 
logical  from  the  point  of  view  of  the  appearance  of  dress  or  semi-dress 
clothing,  it  would  ret  be  as  logical  from  the  point  of  view  of  combat 
clothing  applications^  Observations  during  cembat  indicate  that  while 
small  holes  are  enlarged  by  continued  abrasion  until  ultimate  failure 
of  the  item  occurs,  a  combat  garment  is  seldom  discarded  because  of 
surface  abrasion  of  the  fabric,- 

If  a  textile  structure  is  considered  to  be  relatively  isotropic, 
some  of  the  theories  and  mechanisms  which  have  been  derived  for  the 
wear  of  metals  and  other  homogeneous  solids  may  be  visualized  as 
applicable  to  textiles  alsoo  But  rather  than  describe  these  mechanisms 
as  such,  it  may  be  preferable  to  consider  the  following  factors  that  have 
been  observed  to  influence  fabric  wear^  frictional  librication,  fric¬ 
tional  heat,  mechanical  wear,  adhesive  and  abrasive  wear,  cutting, 
r-naggingi  and  structural  influences^  and  to  discuss  their  implications 
v;ith  regard  to  textile  problemso  It  is  not  possible  to  define  each  of 
these  factors  in  unqualified  terms  or  to  assess  its  overall  Importance 
for  any  given  wear  system^  One  or  more  of  the  factors  may  predominate, 
depending  upon  the  material  b  eing  tested  and  the  nature  of  the  testo 
However,  it  will  be  of  interest  to  briefly  review  the  possible  signifi' 
cance  of  each  factor  on  some  ti^pes  of  observed  wear, 

a,.  Frictional  Lubrication 

The  term  '^fr I'/tional  l-obrlcation"  is  used  to  characterize  the 
action  of  abradant  systems  in  which  friction  predominates  and  can  be 
controlled  by  the  use  of  a  lubricant-  Lubrication  may  be  either 
hydrodynamic  or  boundary,. 

In  hydrodynamic  lubrication,  the  load  on  the  lubricated  member 
is  not  great,  there  is  a  tlrick  lubricant  film, and  the  relative  speed 
between  the  surfaces  is  sufficiently  high  to  produce  a  separating 
pressure.  This  type  of  lubrication  prevails  in  a  journal  bearing,, 
where  the  coefficient  of  friction  is  related  primarily  to  the  vis¬ 
cosity  of  the  lubricant;,  the  speed  of  rotation  of  the  bearing,  and 
the  load.  It  is  doubtfUj.  that  hydrodynamic  lubrication  is  signficant 
in  the  wear  of  conventional  textile  fabrics. 

In  boundary  lubrication,  on  the  other  hand,  the  load  on  the 
lubricated  raerrtoer  is  greater  and  the  film  thickness  is  less.  In  ab¬ 
rading  a  fabric  aga:lnst  a  metal  blade,  as  in  the  Stoll  flex  test 
(I4),  we  find  this  type  of  lubrication.  During  the  sliding  action, 
some  of  the  aspecrities  of  the  metal  are  able  to  penetrate  the  thin 
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ABRASION  CYCLES  TO  RUPTURE 


lubricant  film  and  shear  the  fiber  substance.  Since  part  of  the  total  area 
of  asperities  is  supported  by  the  film,  only  that  area  that  actually  pene¬ 
trates  it  will  participate  in  the  shearing  action.  Thus  in  boundary  lubri¬ 
cation  the  average  size,  but  not  the  nuaber,  of  particles  sheared  is  re¬ 
duced. 

The  mechanisms  involved  in  wear  reduction  as  a  result  of  frictional 
liirication  are  similar  to  those  described  below  for  adhesive  wear.  How¬ 
ever,  the  effect  is  often  so  very  specific  that  it  is  of  interest  to 
discuss  it  separately.  For  example.  Figure  1  shows  a  marked  reduction  in 
the  Stcll  flex  abrasion  resistance  of  a  Quarpel-treated  aateen  with  succes¬ 
sive  cycles  of  extraction.  The  high  initial  abrasion  resistance  of  the 
Quarpel-treated  fabric  as  compared  with  that  of  the  untreated  control  is 
due  to  the  high  degree  of  boundary  lubrication  between  the  metal  blade  of 
the  tester  and  the  treated  fabric,  with  the  result  that  the  average  size  of 
abraded  particles  is  reduced  to  a  point  where  the  time  to  rupture  increases 
markedly.  This  difference  between  lubricated  (treated)  and  unlubricated 
(untreated  or  extracted)  samples  did  not  appear  to  be  as  great  in  the  sand 
abrader  or  on  the  FEA.  wear  course. 
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NUMBER  OF  CYCLES  OF  EXTRACTION 


Figure  1.  Variation  in  Flex-Abrasion  Resistance  With 
Cycles  of  Chloroform  Extraction 
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bo  Frictional  Heat 


Work  expended  in  overcoming  friction  is  liberated  as  heat,,  Since 
the  actual  area  of  ccntact  between  surfaces  is  minute^  the  heat  generated 
may  be  very  greato  The  temperature  rises  approximately  50  degrees  (C) 
for  Wood’s  alloy,  300  degrees  (C)  for  lead,  and  h50  degrees  (C)  for 
conatantan^when  anall  cylinders  of  these  materials  slide  against  a  steel 
surface  at  500  on/sec  under  a  load  of  100  grams  (5)f.  With  some 
materials,  the  temperature  dropsoff  rapidly  at  slower  sliding  speeds. 

Since  non-metals  are  poor  conductors,  high  frictional  heat  sur¬ 
face  terap)«ratures  may  be  reached  more  readily  with  them  than  with 
metals.  It  would  be  of  interest  to  measure  the  temperatures  reached  at 
the  surface  of  a  fabric  during  a  wear  test.  In  one  limited  experiment 

(6) ,  a  10  degree  (C)  temperature  rise  was  observed  in  the  center  of  the 

flex  blade  of  the  Stoll  machine  at  a  point  ,025  from  the  rubbing 

edge.  The  temperature  at  the  edge  of  the  blade  would  have  been  much 
higher,  the  temperatures  reached  by  tj^ie  asperities  themselves  would 
have  been  extremely  high  althou^  in  metal-to-metal  sliding  it  has  been 
observed  that  the  surface  temperature  does  not  exceed  the  melting  point 
of  the  metal. 

In  fabric  abrasion,  it  is  conceivable  that  local  temperatures  from 
frictional  heat  could  be  sufficiently  high  to  alter  the  stress-strain 
behavior  of  the  components  and  thus  result  in  the  premature  failure  of 
low-melting-point  fibers.  It  is  probable  that  the  rather  poor  agree¬ 
ment  observed  in  this  study  between  the  laboratory  abrasion  data  and 
wear  course  data  for  the  raodacrylic  blends,  as  will  be  noted  in  a  later 
section,  was  due  to  the  higher  temperatures  ri  ached  in  the  laboratory 
and  the  consequent  more  rapid  loss  in  mechanical  properties, 

c.  Mechanical  Wear 

The  fact  that  fibrous  materials  with  high  energy-absorbing  capacities 
show  higher  levels  of  wear,  regardless  of  the  type  of  wear  test  to  which 
they  are  subjected,  demonstrates  that  two  significant  elements  in  wear 
performance  must  be  the  repeated  application  of  stress  (tensile,  shear, 
compressive, or  torsional),  and  the  ability  of  the  fiber  to  resist  deform¬ 
ation  until  final  nipture  occurs. 

A  number  of  studies  have  been  made  to  relate  work- to -rupture  and 
abrasion  resistance  {]~9) ,  The  most  precise  approach  is  that  of  Hanburger 

(7) „  In  his  study,  durability  coefficients  were  computed  from  the  slope  of 
tKe  lines  to  the  mean  ordinates  of  strength  loss  versus  cycles  plots  for 
the  abrasion  of  yarns  rubbed,  serigraph  fashion,  on  a  Taber  abrader.  In 
a  corresponding  manner,  energy  coefficients  were  computed  from  the  slopes 
of  the  lines  to  the  mean  ordinates  of  the  percent  of  ultimate  strength 
versus  the  percent  of  elongation  of  the  stress-strain  curves  of  the  yarn 
specimens  after  raechianical  conditioning.  The  relationship  between  these 
two  coefficients  was  quite  linear  and  was  subsequently  verified  by 
studies  of  additional  yam  types. 


ABRASION  TO  RUPTURE 


In  teste  conducted  (^)  on  nylon/cotton  blended  yarns,  work-to- 
rupture  vas  computed  from  the  areas  under  the  atress-straln  curves  of 
non-mechanically  conditioned  yarns,  and  cycle s-to -rupture  were  obtained 
from  the  Walker-Olrastead  (]T)  yarn  abrader.  These  data  (Figure  2)  show 
a  fairly  linear  correlation  between  abrasion  cycles  (A)  and  the  square 
of  work-to-rupture  (W^),  but  the  relationship  departs  from  linf^arity 
for  the  non-square  data,  primarily  because  of  the  exceptionally  high  ab¬ 
rasion  resistance  of  one  sample,  which  was  a  100  percent  spun  nylon 
3rarn.  Probably  the  presence  of  as  little  as  20  percent  of  cotton  in  a 
blended  structure  of  this  type  brings  into  play  mechanisms  other  than 
those  related  to  the  mechanical  properties  of  the  yarn  itself. 
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WORK  TO  RUPTURE  (G/D-Cm) 


Figure  2,  Relationship  of  Abrasion  and  Work- to -Rupture 
of  Nylon/Cotton  Blended  Yarns 


d.  Adhesive  and  Abrasive  Wear 

The  complex  interactions  that  take  place  during  fibrous  wear  make 
it  extranely  difficult  to  clearly  segregate  the  specific  effects  due  to 
the  various  mechanisms  which  have  been  advanced.  Probably  frictional 
parameters  can  be  grouped  under  the  term  "adhesive"  wear  and  the  other 
mechanical  effects,  including  cutting,  under  "abrasive"  wear,  leaving 
snagging  as  a  final  mechanical  factor  related  more  to  the  specific 
geometry  of  the  gross  fabric  structure  than  to  the  finer  interactions 
that  comprise  adhesive  and  abrasive  wear, 

1)  Adhesive  Wear.  Archard  bases  his  concept  of  adhesive  wear 
(12)  on  a  sliding  process  in  which  circular  junctions  exist  momentarily. 
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between  the  abradant  and  the  material  being  abraded  (see  Fig.  3).  These 
junctions  may  or  may  not  give  rise  to  an  abraded  particle,  which  he  as¬ 
sumes  would  bo  hemispherical  and  would  adhere  to  the  harder  surface. 
Archard  treats  the  possibility  of  the  Junction  giving  rise  to  an  abraded 
particle  on  a  probability  basis,  as  follows; 

If  each  circular  Junction  has  an  area  equal  to  TT  and  the 

total  area  cf  contact  is  A,  then  the  number  of  Junctions  must 
equal  the  ratio  of  A  to  TT  friction  theory,  the  real 

area  of  contact  is  the  ratio  between  the  load  (L)  and  the  pene¬ 
tration  hardness  (p)  of  the  softer  material,  thus: 


A 

TT 


J. 

p 

ITd^ 

H 


Ni-- 


jlL. 

TTd^p 


(1) 


If  we  assume  tliat  each  Junction  lasts  for  a  distance  (d)  equiva¬ 
lent  to  the  diameter  of  the  Junction,  then  for  a  sliding  dis¬ 
tance  of  A we  have  a  total  of  Junctions: 


Ht  -  w  ~ 

a 


H  uaX 
ird^p 


(2) 


If  we  assume  that  each  Junction  has  a  probability  (K)  of  form¬ 
ing  an  abraded  particle,  then  the  total  number  of  such  particles 
is: 


Hp  =  KK/(-  ^  (3) 

’  ^  TTd^P 


Since  we  assume  that  each  particle  is  hemispherical  in  shape  and 

has  a  volume  equivalent  to  ,  then  the  volume  of  wear  (dV)  is; 

\  z. 


12.  TTd^p 


ULa£ 

3P 


(h) 


or  the  volime  of  wear  per  unit  length  is; 

AV  _  kL 
A£  3p 

Thus  the  rate  of  wear  (Zn  is  directly  proportional  to  the  load  and  in¬ 
versely  proportional  to  the  hardness  of  the  softer  materialo  "K"  is  a 
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constant  of  proportionality  which  represents  the  probability  of  forming 
an  abraded  particle. 
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EACH  JUNCTION  LASTS  FOR  A  DISTANCE  EQUAL  TO  "d" 
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Figure  3  Concept  of  "Adhesive"  Wear 


Archard's  theory  is  partially  consistent  with  observations  made  during 
the  abrasion  of  textile  struct’jres.  V>ith  respect  to  equation  (Ij),  con¬ 
siderable  data  have  been  obtained  showing  that  the  rate  of  wear  increases 
with  the  load  (13),  in  fact  this  is  almost  self-evident  in  most  wear  situa¬ 
tions.  On  the  other  hand,  it  is  not  easy  to  visualize  what  could  constitute 
a  measure  of  the  second  factor,  poretration  hardness,  since  textiles  are  not 
homogeneous  structures  and  the  anisotropic  structure  of  individual  fibers 
precludes  the  use  of  a  single  value  for  this  parameter  that  would  be  mean¬ 
ingful  in  terras  of  this  adhesive  wear  theory.  There  is  little  in  the  way 
of  available  data  that  might  provide  a  clue  as  to  the  penetration  hardness 
of  textile  fibers.  Backer  (li)  studied  the  compressional  properties  of 
several  textile  fibers  in  which  the  stress  was  applied  laterally  (perpendicu¬ 
lar  to  the  longitudinal  axis  of  the  fiber),  and  measured  the  major  and 
minor  axes  of  the  ellipse  of  deformation  at  the  intersection  of  the  fiber 
with  the  compressing  surface.  He  also  studied  the  conq^ressional  properties 
of  small  cylinders  cut  from  the  fibers  in  which  the  stress  was  applied 
parallel  to  the  longitudinal  axes.  If  his  data  are  accepted  as  a  rough 
indication  of  penetration  hardness,  it  would  be  possible  to  mate  a  rough 
association b  etween  this  measure  and  the  rated  abrasion  resistance  for 
selected  fiber  types.  In  applying  Archard’ s  probability  factor  (K)  to  tex¬ 
tiles,  the  influence  of  lubricants  would  be  included.  In  a  well-lubricated 
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textile,  the  K  factor  would  be  low  and  the  wear  rate  would  be  correspond¬ 
ingly  low.  The  constant  3  is  a  shape  factor  which  varies  with  the  assumed 
or  measured  geometry  of  the  abraded  particles.  In  general,  therefore, 
Archard's  theory  of  adhesive  wear  provides  a  useful  means  of  approaching  a 
study  of  the  wear  resistance  of  textiles  and  should  form  the  basis  for 
more  detailed  Investigations  of  wear  mechanisms  in  heterogeneous  materials 
of  this  type. 

2)  Abrasive  Wear.  Rabinowicz  considers  abrasive  wear  (]^)  as  a 
process  whereby  a  hard,  rough  surface  "ploughs”  grooves  in  a  softer  material. 
Material  from  the  grooves  is  abraded  in  loose  form.  This  is  considered  to 
be  2-body  wear.  Vihen  hard  particles,  such  as  sand,  are  trapped  between  two 
sliding  surfaces,  3-body  wear  occurs.  Rabinowicz  developed  a  concept  (see 
Fig.  li)  in  wtiich  a  cone  of  hard  mat'rial  is  assumed  to  be  pressed  into  a 
softer  material  and  to  be  moved  a  short  distance.  The  volume  of  material 
that  is  ploughed  or  cut  out  per  unit  length  increases  directly  with  the  load 
ani  is  inversely  proportional  to  the  hardness  of  the  material  being  ploughed. 
The  equation  for  this  action  is  similar  to  the  one  developed  by  Archard  for 
adhesive  wear  and  further  demonstrates  the  interrelatedness  and  complexity 
of  wear  phenomena. 
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Figure  Li.  Concept  of  "Abrasive"  Wear 


e.  Cutting 

It  is  difficult  to  determine  whether  true  cutting,  as  it  occurs  in 
metal  working,  is  significant  in  the  wear  of  textiles.  It  is  probable 
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that  the  idea  of  cutting  is  embodied  in  the  ploughing  concept  of  abrasive 
wear,  as  advanced  by  Rabinovicz,  in  which  a  softer  material  is  deformed 
by  a  harder  in  proportion  to  the  load.  Analogously,  a  cutting  tool  must 
be  harder  than  the  material  being  cut  and  the  greater  the  load  the  more 
rapidly  will  the  cutting  take  place.  In  metal  cutting,  two  fundamental 
processes  are  involved:  a  compression,  with  resultant  flow  up  the  face  of 
the  cutting  tool,  and  either  a  rupture  or  plastic  flow  in  a  direction 
generally  perpendicular  to  the  tool  0^.  When  rupture  occurs,  as  with 
brittle  materials,  a  discontinuous  chip  results;  when  plastic  flow 
occurs,  as  with  ductile  materials,  a  continuous  chip  results. 


f ,  Snagging 

Wear  failure  may  also  occur  as  a  result  of  gross  mechanical  inter¬ 
actions  between  the  abradant  particles  and  the  components  of  the  fabric 
systan  which  may  be  described  under  the  genra-al  category  of  snagging. 
Snagging  implies  that  an  instrument  external  to  the  fabric  is  partially 
inserted  into  the  fabric  structure  and,  by  relative  motion  with  respect 
to  the  fabric,  applies  a  force  that  results  in  the  removal  of  an  ele¬ 
ment  of  structure  or  in  the  developnent  of  a  strain  that  may  lead  to 
rupture.  The  final  outcome  of  snagging  depends  not  only  on  the  geometry 
of  the  fabric  but  also  on  the  geometry  and  mechanical  properties  of  the 
snagging  element,  its  speed  of  motion,  its  orientation  with  respect  to 
the  components  of  the  fabric  structure,  and  the  depth  of  its  penetration 
into  the  fabric.  Studies  made  of  gross  snagging  mechanisms  not  associa¬ 
ted  with  wear  as  such  (17)  reveal  that  the  height  and  amplitude  of  a 
yarn  float  is  related  to  ease  of  snagging  and  that  filament  yarns,  be^ 
cause  of  their  lower  twist,  are  more  susceptible  to  snagging  than  spun 
yarns. 

g.  Structural  Influences 

Much  of  the  literature  on  the  abrasion  and  wear  resistance  of  tex¬ 
tiles  is  concerned  with  the  effect  of  such  structural  factors  as  yarn 
count,  yarn  twist,  yarn  and  fiber  crimp,  and  fabric  texture  and  weave, 
and  with  the  effect  of  finishing,  particularly  with  resins.  In  fact, 
most  of  the  effort  of  the  military  to  improve  the  wear  of  combat  items 
has  been  concerned  with  these  and  particularly  with  the  geometric 
factors. 

The  fact  that  the  fabrics  are  not  isotropic  and  that  their  struc¬ 
ture  varies  along  their  length  and  width  as  well  as  between  their  face 
and  back  si:ggests  that  this  non-homogeneity  may  be  of  significance. 

The  effect  of  weave,  for  instance,  has  been  studied  by  Kaswell  (^)  and 
Backer  (17) ,  both  of  whom  found  that  the  direction  of  rubbing,  the  side 
of  the  fabric  (face  or  back)  exposed  to  the  abradant,  and  the  location 
of  the  stress-bearing  yams  have  a  marked  influence  on  abrasion  re¬ 
sistance.  In  a  recent  study  (_^)  of  the  sateen  weave,  it  was  found 
that  there  is  an  almost  constant  amount  of  difference  between  warp  and 
filling  direction  abrasion  resistance  on  the  back  of  the  fabric,  and 


111 


S’ 


between  filling  and  warp  direction  abrasion  on  the  face  of  the  fabriCo 
This  is  shown  in  Table  IIIo 


TABLE  III 


Number  of  Abrasion  Cycles  to  Rupture  of 
Four  Different  Sateens,  Abraded  on  Face  and  Back 
in  Warp  and  Filling  directions 


Sample  1 
Back 
Face 

Sample  2 
Back 
Face 

Sample  3 
Back 
Face 

Sample  h, 
Back 
Face 


Warp 

Direction 

890 

530 


1530 

1000 


2160 

liiSO 


970 

660 


Filling 

Direction 

630 

810 


930 

1610 


1200 

2200 


670 

910 


Difference 

260 

280 


600 

610 


960 

720 


300 

250 


These  data  demonstrate  one  of  the  unique  features  of  a  satin  weave; 
that  its  response  to  abrasion  is  similar  to  what  one  might  expect,  at 
least  theoretically,  from  a  double-woven  fabric  with  one  layer  composed 
of  filling  yarns  and  the  other  layer  composed  of  warp  yarnso  Assuming 
that  the  2~layer  fabric  is  abraded  on  the  filling-yarn  surface  and  in  a 
direction  perpendicular  to  the  filling  yarns,  the  warp  yarns,  which  in 
this  instance  would  constitute  the  stress-bearing  system,  would  ranain 
practically  unaffected  by  the  action  of  the  abradant  until  the  filling 
yarns  are  very  nearly  worn  through.  Additional  abrasion  would  then  be 
required  to  sever  the  stress-bearing  warp  yarns.  If  the  direction  of 
abrasion  is  changed  by  90*^  so  that  it  is  perpendicular  to  the  warp  yarns, 
the  filling  yarns  become  the  stress-bearing  system  and  after  they  are 
worn  through, the  warp  yarns  contribute  no  additional  abrasion  resistance. 
Accordingly,  as  ^own  in  Table  III  for  abrasion  on  the  back  of  a  sateen 
(corresponding  to  the  filling  flush  side  of  the  theoretical  fabric), 
warp  direction  abrasion  resistance  is  always  hi^er  than  that  of  the 
filling.  On  the  other  hand,  in  the  case  of  abrasion  on  liie  face  of  a 
sateen,  it  is  the  filling’ direction  abrasion  resistance  that  is  always 
higher  than  that  of  the  -warp.  The  constant  difference  between  the  fill= 
ing  and  the  warp  for  face  and  back  abrasion  demonstrates  the  independence 
in  response  of  orthogonal  yarn  systems. 
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These  gecraetric  factors  are  worthy  of  continued  study.  However,  one  must 
still  take  into  account  the  other  mechanisms  of  wear  we  have  referred  to. 

3o  Field  Wear  and  Laboratory  Test  Results 

a.  Field  Wear  Tests 


Test  pliases  and  fabrics.  For  the  wear  resistance  comparisons  of 
this  study,  accelerated  wear  trials  of  the  experimental  blended  serge 
fabrics  were  conducted,  in  two  phases,  on  the  V/ool  Fabric  Course  at  the 
Quartermaster  Field  Evaluation  Agency,  Fort  Lee,  Virginia,  The  first  phase 
was  conducted  from  26  August  to  31  October  1957  and  involved  the  comparison  of 
six  fabrics,  including  an  all --wool  control  from  the  original  group  of  21  (see 
fable  II),  plus  a  new  control — an  l8-ounce  all-wool  serge  in  the  OD  shade  33, 
The  second  phase  was  conducted  from  10  June  to  29  July  196C  and  included  seven 
other  fabrics  from  the  original  group  plus  the  same  OD  33  control  just  men¬ 
tioned,  Thus  only  13  of  the  21  serges  of  this  study  (12  blends  and  the 
original  all-wool  control)  were  evaluated  on  the  wear  course.  They  are  listed 
according  to  phase  in  Table  TV,  Not  evaluated  at  this  time  were  the  85/l5 
wool/rylon,  the  70/30  wool/viscose  in  gabardine,  crowfoot,  and  Mayo  twill 
weaves,  and  the  70/30  and  85/l5  wool/a crylic-l  and  wool/acrylic-2  blends. 

Both  tests  are  described  in  detail  in  reports  T-53  and  T-170,  "An  Accelerated 
Wear  Test  of  Wool  and  Synthetic  Fiber  Blended  Serge  Fabric"  by  the  Quarter¬ 
master  Field  Evaluation  Agency,  Fort  Lee,  Virginia,  from  which  the  following 
data  have  been  taken, 

TABLE  IV 


Fabrics  Evaluated  on 

the  Wear  Course  During  the  Phase  I  and 

Phase  II  Tests 

Description 

^1 

100$  wool  control  (CD  33) 

Bl 

100$  60’ s  wool  (original  control)  twill 

Cl 

100$  56’ s  wool  twill 

Dl 

70/30  60* s  wool/3”den  viscose  twill 

El 

70/30  60 's  wool/3’=den  viscose  satin 

Fl 

70/30  60's  wool/3-den  polyester  twill 

Cl 

85/15  60’s  wool/3'='den  polyester  twill 

Phase  II 

S2 

100$  wool  control  (OD  33) 

A2 

70/30  60 ’3  wool/3“den  viscose  twill 

B2 

85/15  60® s  wool/3”<den  viscose  twill 

C2 

70/30  56 's  wool/3'=<len  viscose  twill 

D2 

70/30  56^ s  wool/5o5”den  viscose  tvdll 

Ep 

70/30  60®s  wool/3=den  modacrylic  twill 

h 

85/15  60  ®s  wool/3”den  modacrylic  twill 

02 

70/20/10  60® s  wool/3*>den  viscose/3-den  nylon 

twill 

^Letters  identify  the  fabrics. 

subscripts  designate  the  test  phase 
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The  selection  of  fabrics  for  the  field  wear  trials  was  based  on 
their  earlier  laboratory  analysis  (2)„  The  twill  and  satin  weaves 
were  selected  as  representing  possible  extremes  in  wear  resistance, 
since  prior  experience  with  other  combat  fabrics  had  demonstrated  the 
superiority  in  wear  of  a  satin  weave.  The  two  modacrylic  fabrics 
were  selected  as  representatives  of  the  group  of  acrylic  blends. 

Other  comparisons  were  made  between  all •wools  of  different  wool  grade; 
wool/viscose  blends  varying  in  wool  grade,  viscose  denier,  and  ratio 
of  viscose  to  wool;  wool/polyester  blends  varying  in  ratio  of  polyester 
to  wool;  and  two  nylon,/v;ool  blends^  one  with  part  of  the  nylon  replaced 
by  viscose.  These  fabrics  were  made  up  into  the  wear -course  style 
trousers. 

Test  procedures.  The  wear  course  at  Fort  Lee  consists  of  30 
obstacles  arranged  along  an  irregular  track  approximately  one-fourth 
of  a  mile  long.  The  obstacles  are  such  as  to  simulate  practically 
every  physical  situation  in  which  a  combat  soldier  might  be  compelled 
to  operate.  Personnel  running  the  course  climb  a  stone  embankment, 
crawl  across  a  section  of  railroad  track,  slide  down  a  steep  cobblestone 
incline,  and  crawl  along  a  single-log  bridge,  through  concrete  culverts, 
and  across  cinders,  sand,  gravel,  and  boulders.  The  number  and  choice 
of  obstacles  to  be  traversed  may  be  altered  for  evaluating  different 
types  of  fabrics^  For  wool  garments,  they  usually  use  a  group  of 
obstacles  collectively  designated  as  thie  wocl^fabric  course,  which  con¬ 
sists  of  23  of  the  30  obstacles  sketched  in  Figure  S-> 

Before  the  test,  a  gi'oup  of  60  tear,  subjects  wearing  standard 
trousers  traversed  the  wool^fabric  course  28  times.  The  IiO  test 
subjects  with  the  most  uniform  wear  scores  were  chosen  to  test  the  ex- 
perimaital  fabricso  They  were  divided  intp  groups  corresponding  to 
the  number  of  fabrics  to  be  tested”  7  for  Phase  I  and  8  for  Phase  II. 
Each  test  subject  was  issued  one  pair  of  each  of  the  experimental 
trousers.  For  any  given  traversal  of  the  coursey  all  of  the  men  in  a 
group  wore  the  same  type  of  trousers  but  each  group  tested  a  different 
type.  Two  traversals  of  the  course  were  designated  as  one  cycle  of 
wear.  After  each  cycle  of  wear  the  trousers  were  dry=cleaned  in  a 
mobile  unit,,  using  standard  dry  cleaning  procedures.  The  test  con¬ 
tinued  until  each  of  the  experimental  trousers  had  been  worn  by  each 
group  on  two  traversals  of  the  course. 

After  dry  cleaning^  each  garriisnt  was  inspected  and  scored  by 
skilled  observers  according  to  a  scoring  system  which  has  been  used  at 
the  Field  Evaluation  Agency  since  the  inception  of  accelerated  fields 
wear  testing.  The  scores  assigned  to  various  types  and  degrees  of 
failure  are  given  in  Table  V,  The  higher  the  wear  scores  the  more  ex¬ 
tensive  the  damage  and  the  poorer  the  performance  of  the  fabric. 


Figure  $,  Wear  Coutb*  at  Fort  Leo,  Virginia 


TABLE  V 


Scoring  System  Used  in  Wear-Course  Teatlnp 


3  >  pc  of  Pin  lure 

Degree 

Holes  (dianieler  inches) 

I 

1  -  0  25  ■ 

0  25-  0  5 

.1  4 

Detinition  of  Degree 
•0  1  0  10  •'  1-5 

5 

•  1-5- 

6 

2  0  ..2  0 

1  ears  in  ssear  area* 

•  10 

10  2  0 

■2()  .VO  -30  •  50 

•  50- 

70>70 

(length  inches) 

1  ra>s  (length  inches) 

•  1  0 

10  .VO 

•3  0'  6  0  •  60 -100 

•  I00< 

15-0..150 

U'ear  areas  (sq. inches) 

■  4  0 

4  0  ■  9  0 

•9  ()•  16  0  ■  16  0-  25  0 

^25  0;V 

36  0  >36  0 

Holes  .. 

5 

9 

Points  Scored 

1  1  13 

14 

15 

Tears  in  wear  iirea*  . 

s 

9 

11  13 

14 

15 

f-rass . 

Os 

1 

2  3 

4 

5 

\M'ar  tiretis 

4 

6 

9  1  1 

13 

15 

*Por  purposes  of 

esaluaiing 

;  the  serviceability  of  fabrics  as  such,  instances  of 

accidental  tear,  stiiching  failures,  bar  tacking  failures  and  button  failures  are  recorded, 
but  not  scoreil.  After  recording  they  are  repaired. 


Test  results.  In  both  the  Phase  I  and  the  Phase  II  tests, 
distinct  differences  in  wear  among  the  experimental  fabric  types 
became  evident.  Within  each  test  phase,  it  was  possible  to 
segregate  the  fabrics  into  four  or  five  gi'oups  with  statistically 
significant  differences  in  wear.  These  are  noted  below. 

fhase  I 

1.  The  70/30  wool/polyester  F-j^  was  the  most  durable 
of  all  the  fabrics. 

2.  The  85/15  wool/polyester  was  the  second  most 
durable  fabric, 

3.  The  70/30  wool  viscose  twill  was  the  third 
most  durable  fabric, 

I4.  There  were  no  differences  in  durability  between 
the  100  percent  OD  wool  control  the  100  porcent 
60's  wool  and  the  100  percent  56' s  wool  Ci 
fabrics. 

5,  The  70/30  wool/viscose  satin  was  the  least 
durable  of  the  seven  fabrics. 
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Phase  II 


1.  The  70/30  wool/nylon  Ap  and  the  70/30  wool/modacrylic 
E2  were  the  most  durable  of  all  the  fabrics,, 

2.  The  85/15  wool/modacrylic  F2  and  the  70/20/IO  wool/vis¬ 
cose/nylon  G2  were  the  most  durable  of  the  remaining 
fabrics,, 

3.  The  70/30  56's  wool/3“den  viscose  C2  and  the  70/30 
56' s  wool/SoS-'den  viscose  Dp  were  the  next  most 
durable  fabrics. 

h.  The  65/15  wool/^scose  Bp  and  the  100  percent  OD 
wool  control  Sp  were  the  least  durable  fabrics. 

The  wear  scares  observed  in  the  two  tests  are  given  in  Appendix  B„ 
Plots  of  the  wear  scores  showing  the  trend  in  wear  are  given  in  Figures 
6  (Phase  I)  and  7  (Phase  II).  It  is  of  interest  to  compare  these  two 
sets  of  data. 

In  the  Phase  I  test,  after  sn  initial  period  of  very  little  wear, 
there  was  a  gradual  increase  in  the  wear  score  and  this  increase  ap¬ 
pears  to  be  roughly  linear  with  the  number  of  traversals  on  the  course. 
In  the  Phase  II  test,  the  steep  slope  after  the  initial  induction 
period  tended  to  level  off  and  become  constant  for  most  of  the  fabrics. 
No  leveling  was  indicated  even  up  to  the  30th  traversal  (see  Appendix 
B)  for  the  fabrics  of  Phase  I.  There  must  have  been  some  differences 
in  the  wear  systems  of  the  two  phases  to  account  for  these  observations. 

In  Phase  II  the  observed  differences  among  the  fabric  types  became 
so  pronounced  as  the  test  progressed  that  the  four  types  having  the 
highest  wear  scores  (see  Figure  7)  were  withdrawn  from  the  test  after 
the  20th  traversal.  Accordingly,  conyarieons  of  the  relative  wear  of 
the  different  fabric  types  are  made  only  up  to  and  including  the  20th 
traversal. 
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L  E  G  E  N  D 

-  A,  (00%  WOOL,  00  33,  CONTROL 

-  B,  (00%  WOOL,  60'S 

- C,  100%  WOOL,  56'S 

-• — • — • *■  0,  70/30  WOOL/VISCOSE  TWILL 

-V — V V E|  70/30  WOOL/VISCOSE  SATIN 

— »i  N  >1  N  N  N  N  F,  70/30  WOO L  /  POLY E  S TE  R 


Figure 6.  Average  Cunulative  Wear  Scores  (xinadjusted) 
By  Traveraals  -  Riase  I  Test 
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L  E  G  E  N  D 


$2  100%  WOOL  00  33  CONTROL 

A2  70/30  WOOL/NYLON 


-  02  85/15  WOOL/VISCOSE 

-  C2  70/30  WOOL/VISCOSE  (56'S/3DEN) 

-  O2  70/30  WOOL/VISCOSE  (56'S/550EN) 


E2  70/30  WOOL/ MODACRYLI C 
B5/(5  WOOL/MODACRYLIC 
G2  7o/20/<o  WOOL/ viscose/nylon 


T - -  I - 1 - ' - >  '  »  I  '  r- 

0  2  4  6  e  «0  IZ  44  <6  (8  2C 

NUMBER  OF  FABRIC  COURSE  TRAVERSALS 


Figure  ?•  Average  Cumulative  Wear  Score# 
by  Traversals  -  Phase  II  Test 
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The  only  basis  for  equating  the  data  from  the  two  phases  of  the  test 
was  by  means  of  the  100  percent  wool  OD  33  Control,  which  was  used  in  both 
phases.  The  fact  that  the  wear  score  of  this  fabric,  after  20  traversals, 
was  30.1  in  Phase  I  and  38. L  in  Phase  II  indicates  fairly  good  agreement  for 
testing  of  this  type,  particularly  since  different  test  subjects  were 
involved  and  a  period  of  almost  three  years  had  elapsed  between  Phase  I 
and  Phase  II,  In  order  to  compare  the  two  sets  of  data,  the  wear  score 
for  pach  of  the  fabrics  in  the  Phase  I  test  was  multiplied  by  the  fraction 
(or  1.28),  which  is  the  ratio  of  the  Phase  II  20th  traversal  score  of  the 
control  to  its  corresponding  score  in  the  Phase  I  tP'^t .  A  comparison  of  the 
wear  scores,  normalized  or  adjusted  in  this  fashion,  is  given  in  Table  VI^ 


to: 


TABLE  VI 


QJ-I  ME 
Code 

Wear 

Scores  for  Phase  I  (adjusted) 

*  and 

Phase 

II  Tests 

Wear 

Score*** 

Fort  Lee 

Code  Fabric** 

Phase 

I  II 

Correl, 

Factor 

G6OO7 

A2 

70/30  wool/nylon 

8.5 

1.00 

8.5 

G6OOI 

n 

70/30  wool/polyester 

7.6 

1.28 

9.8 

C-6003 

Ep 

70/30  wool/modacrylic 

10,1 

1.00 

10 .1 

G6000 

^1 

85/15  wool/polyester 

13.8 

---- 

1.28 

17  c? 

G6002 

^2 

85/15  wool/modacrylic 

20.2 

1.00 

20.2 

G5990 

Gp 

70/20/10  wool/visc/nylon 

20.3 

leOO 

20.3 

G5989 

Cl 

70/30  wool/viscose 

22.1 

1.28 

28.7 

G5998 

Cp 

70/30  56 's  wool/3d  viscose 

31.7 

1.00 

31c7 

G5999 

Dp 

70/30  wool/5o5d  viscose 

— — 

32.2 

1.00 

32.2 

G5992 

Bl 

100^  wool  (orig,  control) 

27.3 

1.28 

314.9 

G5997 

Cl 

100^  56 's  wool 

28.3 

«>  a>ca  a. 

1.28 

36.2 

OD  33 

Al 

100^  wool  OD  33  control 

30.1 

38, a 

1,28  &  1.00 

38.5 

G60OI4 

B2 

85/l5  wool/viscose 

140.2 

1.00 

I4O.2 

G5996 

El 

70/30  wool/viscose,  satin 

37,6 

— - 

1,28 

148,2 

Adjustment  factor,  lo28o 

Unless  otherwise  indicated,  all  fabrics  were  made  with  60's  wool  in  a 
2x2  twill  weave,  and  all  non-wool  yarns  were  3-denier. 

■tHHf  The  lower  the  score,  the  better  the  wear  resistance. 


An  obvious  pattern  emerges  from  this  normalization.  The  non-viscose 
blends  show  the  highest  level  of  wear  resistance,  with  the  nylon,  polyester, 
and  modacrylic  blaids  leading.  Among  each  of  the  blends  varying  in  ratio  to 
wool,  those  with  a  30  percent  non-wool  content  show  more  wear  resistance  than 
those  with  l5  percent. 

The  70/30  wool/viscose  blends  in  the  twill  weave  fall  into  an  inter¬ 
mediate  groi?)  from  the  standpoint  of  wear  resistance.  Apparently  the  denier 
of  the  viscose  and  the  grade  of  wool  do  not  have  a  significant  influence  on 
wear. 
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The  three  100  percent  wool  fabrics  show  somewhat  less  resistance  to 
wear  than  the  70/30  wool/viscose  blendso  The  fabrics  lowest  in  wear  re* 
sistance  are  the  80/15  wool/viscose  and  the  70/30  wool/viscose  in  the 
satin  weave. 

In  gena-alj  this  ranking  of  the  fabrics  was  not  wholly  unexpected. 

The  superior  wear  resistance  of  nylon  had  been  recognized,  Experience 
with  polyesters  had  indicated  that  their  wear  resistance  is  fairly  close 
to  that  of  rvlon.  While  information  on  the  relative  wear  of  the  modacryl- 
ics  has  not  been  available  in  the  literature^,  laboratory  data  have  in¬ 
dicated  that  the  wear  resistance  of  this  type  of  fiber  would  be  rather 
low,  whereas  these  data  rank  the  modacrylics  rather  close  to  the  polyester 
bloids. 

The  ranking  of  the  wool/viscose  twills  as  compared  to  the  all-wools 
indicates  that  there  may  be  a  minimum  point  in  their  blend  composition- 
wear  curves  somewhere  between  0  and  30  percent  of  viscose,  A  plot  of  blend 
composition  versus  wear  score  for  the  fiber  combinations  tested  is  shown  in 
Figure  8<, 


b.  Laboratory  Abrasion  Tests 

The  seven  blended  fabrics  tested  on  the  Fort  Lee  Fabric  Course  during 
Phase  II  were  also  tested  at  the  Quartermaster  Research  and  Engineering 
Command  in  Natick,  Massachusettso  Two  test  instruments  were  used:  the  flex 
element  of  the  Stoll  Flex  Abrader,  Model  CS“39,  using  Blade  396;  and  a  new 
Sand  Abrader  that  was  designed  inti.e  Quartermaster  laboratories  specifically 
to  simulate  the  type  of  wear  encountered  on  the  fabric  course, 

The  Stoll  test,  using  warp  direction  abrasion  only,  was  conducted  on 
the  fabrics  to  the  point  of  rupture o  The  fabrics  were  evaluated  both  in 
their  original  condition  and  after  chloroform  extraction  to  eliminate  the 
influence  of  lubricants.  Luring  this  test,  h  pounds  of  tension  was  applied 
to  the  fabric  at  the  yoke  holding  the  blade,  and  1  pound  of  pressure  was 
applied  perpendicular  to  the  fabric  surface. 

In  addition,  these  sane  seven  Phase  II  blends  were  sand=abraded  to 
give  what  Rabinowicz  has  described  as  "3-body  wear"  in  which  "a  loose  ab¬ 
rading  medim  such  as  sand  is  rubbed  between  two  bodies  producing  wear  in 
both  or  in  one"  (^)  <>  The  term  "3-body  wear"  is  probably  correctly  applied 
to  the  type  of .wear  action  occurring  at  the  Fort  Lee  wear  course  where 
grains  of  sand  are  picked  up  by  the  fabric  and  carried  to  subsequent 
obstacles,  with  a  resulting  interaction  between  sand,  fabric,  and  the  wood, 
stone,  or  concrete  of  the  obstacles.  In  order  to  reproduce  this  phenomenon 
in  the  laboratory,  an  abrader  was  designed  (the  general  plan  is  shown  in 
Figs,  9  and  10)  with  canent^floored  troughs  into  which  sand  can  be  fed  at 
a  relatively  constant  rate.  Fabric  samples  are  mounted  on  weighted  moving 
ams  which  force  the  fabric  back  and  forth  through  the  bed  of  sand  and 
along  the  brick  until  a  hole  appears.  The  versatility  of  this  instrument 
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NORMALIZED  WEAR  SCORE 


LEGEND 


B  WOOL/NYLON 
#  WOOL/POLYESTER 
X  WOOL/MODACRYLIC 


A  WOOL/VISCOSE/ NYLON 


PERCENT  OF  MAN-MADE  FIBER 


Figure  8.  Effect  of  Man-Made  Fiber  Content  on  Wear  - 
Phase  I  and  Phase  II  Tests 
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and  its  high  degree  of  correspondence  with  the  abrasive  action  on  the 
Fort  Lee  fabric  course  had  previously  been  demonstrated. 


Figure  9.  Sand  Abrader  - 
Side  View 


Fig\ire  10.  Sand  Abrader  - 
Showing  Under  Surface  of  Arm 


The  results  of  these  tests,  and  also  of  the  earlier  Stoll  test 
carried  out  on  the  original  fabrics  of  this  3tu(^  (2)  in  their  un¬ 
extracted  or  original  state  to  the  point  of  threadbareness,  are  given 
in  Table  VII.  The  fabrics  are  listed  in  the  order  of  their  decreasing 
wear  resistance  as  indicated  by  their  fabric  course  or  field  wear  scores 
(with  the  Phase  I  scores  adjusted  by  the  correlating  factor  of  1,28). 
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TABLE  VII 


Results  of  Field  Wear  and  Laboratory  Worp-PlrectlDn  Abrasion  Tests 


Stoll  Flex  Abrasion  Sand 


Field  fo  Threadbare  To  Ruoture  Abrasion 


Fabric 

Wear* 

(score) 

Orig.  (io'nd. 
(score) 

l)rig.  Oond. 
(score) 

Extracted  Orig.  Cond 
(score)  (rank) 

70/30  W/N 

8.5 

2870 

18670 

8890 

1 

70/30  W/P 

9.8 

3260 

— 

— 

70/30  W/M 

10.1 

1180 

1520 

1310 

3 

85/15  W/P 

17.7 

h3h0 

— 

OBB 

85/15  W/M 

20.2 

1020 

2200 

1000 

h 

70/20/10  WA/N 

20.3 

2030 

5210 

2320 

2 

70/30  WA 

28.7 

1090 

— 

— 

70/30  wA  56's/3d 

31.7 

1330 

2910 

1670 

5 

70/30  W/V  56's/5.5d 

32.2 

1500 

3217 

1280 

6 

100  W 

3ii.9 

960 

— 

— 

100  w  56's 

36.2 

mo 

— 

— 

~= 

100  W  OD  33  control 

38.5 

caw 

— 

— 

85/15  wA 

U0.2 

2110 

3000 

1300 

7 

70/30  wA  satin 

85/15  wA 

70/30  WA  gabardine 
70/30  wA  crowfoot 
70/30  W/V  Mayo  twill 
85/15  W/A-1 

70/30  W/A-1 

85/15  W/A-2 

70/30  W/A-2 

U8.2 

1220 

2130 

870 

loho 

1200 

1200 

1190 

1360 

1590 

Scores  of  fabrics  coded  with  a  sii) script  of  1  (Phase  I-tested)  have  been 
adjusted  by  a  factor  of  1»28. 


Note;  A  ranking  of  1  indicates  the  best  wearing  qualities. 
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Comparison  between  Field  Wear  and  Laboratory  Test  Results 

A  comparison  of  the  Stoll  flex  abrasion  scores  and  the  fabric  course 
scares  is  shown  in  Table  VIII. 

TABLE  VIII 

Stoll  Flex  Abrasion  and  Wool  Fabric  Course  Data  -  Phase  II 


Fabric 

Stoll  Flex  Abrasion 

To  Rupture  To  Threadbare  Wool  Fabric  Course 

(score)  (rank) 

(score 

(rank) 

(score) 

(rank) 

70/30  wool/nylon 

8690  i 

2870 

1 

8c5 

1 

70/30  wool/modacrylic 

1310  U 

1180 

6 

10.1 

2 

85/15  wool/modacrylic 

JOOO  7 

1020 

7 

20,2 

3 

70/20/10  woo l/vi sc/nylon 

232c  2 

2030 

3 

20.3 

h 

70/30  wool/visc  ('3d) 

1670  3 

1330 

5 

31c7 

5 

70/30  wool/visc  (5o5d) 

1280  6 

1500 

h 

32,2 

6 

85//.5  wool/visc 

1300  5 

2110 

2 

ho, 2 

7 

l^ote :  No ■  1  represents  the  best  ranking  fabric. 

Correlation  between  the  abrasion-to-rupture  and  fabric-course  rankings 
is  net  significant.  Correlation  between  the  abrasion-to-thr eadbareness  and 
iicld  wear  is  even  poorer.  It  has  been  observed  that,  in  general,  laboratory- 
abrasion  instruments  tend  to  rank  fabrics  containing  nylon  higher  and  fabrics 
con-taining  modacrylic  fibers  lower  than  does  the  wear  course.  Perhaps  this 
is  because,  in  the  Stoll  tester,  there  is  an  interaction  between  the  rela¬ 
tively  low-softening -point  modacrylic  fibers  and  the  metal  of  the  blade  and 
this  leads  to  the  generation  of  an  appreciable  amount  of  heat  which  alters 
the  stress-s-train  characteristics  and  accordingly  the  inherent  wear  prop¬ 
erties  of  thermoplastic  fibers.  The  degree  to  which  this  interaction 
occurs  will  vary  among  the  various  abrasion  instruments  and  is  a  function 
of  the  nature  of  the  contacting  surfaces,  the  duration  of  the  contact,  and 
the  conductivity  of  the  solids. 


It  is  conceivable  that  alteration  of  the  Stoll  testing  procedure  to 
compensate  for  the  sensitivity  of  fabrics  to  elevated  temperatures  and 
lubrication  might  somewhat  improve  the  observed  relationships.  Also,  it 
is  possible  that  Stoll  flex  abrasion  is  more  characteristic  of  the  "adhesive” 
type  of  wear  described  above,  and  that  wear  course  abrasion  is  related  more 
to  "abrasive"  wear,  Furttermore,  we  must  keep  in  mind  that  the  wear  course 
itself  is  not  the  ultimate  criterion  of  use.  It  would  be  desirable  to  in¬ 
vestigate  tlie  correlation  between  the  accelerated  wear  resulting  from 
traversals  of  the  wear  course  and  wear  under  actual  field  operations. 

On  the  other  hand,  a  comparison  of  the  sand  abrader  rankings  made  by 
three  observers  and  the  fabric  course  results  shows  an  excellent  correlation. 
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Four  of  the  averaged  sand  abrader  rankings  are  identical  with  those  of 
the  fabric  course,  two  differ  by  only  one  point,  and  one  differs  by  only 
two  points  (Table  H),  The  sand  abrader  places  the  wool/viscose/nylon 
blend  G2  ahead  of  the  two  wool/modacrylic  blends  E2  and  Fo,  and  again 
this  is  a  manifestation  of  the  tendency  of  laboratory  instruments  to  rank 
nylon-containir^  fabrics  higher  and  modacrylic  fabrics  lower  than  the 
wear  courseo 


TABLE  IX 

Sand  Abrasion  Evaluation  and  Wool  Fabric  Course  Data  -  Phase  II 


Wool  Fabric  C.uirse 

Sand 

Abrader  Ranking s-» 

Avg. 

Fabric  Rankings 

Obs  A 

Obs.B 

ObsoC 

Avg. 

Ranking 

A2  70/10  wool/nylon 

1 

1 

1 

1 

leO 

1 

E2  70/30  wool/modacrylic 

2 

3 

3 

h 

3c3 

3 

F2  85/15  wool/modacrylic 

3 

i; 

5 

3 

hcO 

h 

Gp  70/20/10  wool/visc/nyl( 

Dn 

2 

2 

2 

2.0 

2 

C2  70/30  wool/visc  (3d) 

5 

5 

h 

5 

h.l 

5 

D2  70/30  wool/visc  (5o5d) 

6 

6 

6 

6 

6,0 

6 

B2  %/l5  wool/visc 

7 

7 

7 

7 

7.0 

7 

^y  3  observers.  A,  B,  C* 

5,  Comparison  between  Field  Wear  and  the  Mechanical  Properties  of  Fibers 

In  evaluating  factors  contributing  to  the  observed  field  performance 
of  the  blended  serges,  an  attempt  was  made  to  apply,  in  modified  form,  the 
technique  recommended  by  Hamburger  (?)  for  predicting  the  abrasion  resis¬ 
tance  of  a  fabric  in  terms  of  the  inherent  energy-absorbing  characteristics 
of  the  component  fibers  or  yarns.  Two  qystems  were  used  to  make  these  com- 
parisons.  In  one,  the  wear  scores  of  the  fabrics  were  plotted  against  one- 
half  the  product  of  the  strength-to -rupture  and  the  elongation-to-rupture 
values  for  the  yarns  if  the  stress-strain  curve  is  assumed  to  be  liiiearo 
In  the  other  systan,  the  wear  scores  of  the  fabrics  were  plotted  against  a 
factor  derived  by  weighting  the  work- to -rupture  values  of  the  component 
fibers,  as  reported  in  the  literature,  by  their  percentage  composition  in 
the  blend.  The  latter  system  has  the  disadvantage  of  not  being  comparable 
fcr  the  various  fiber  types  because  of  the  different  physical  forms  in 
which  they  have  been  evaluated. 

Figure  11  represents  the  wear  scores  plotted  against  the  work  co¬ 
efficients  computed  directly  from  the  yam  strength  and  elongation  data, 
while  Figure  12  represents  the  wear  scores  plotted  from  weighed  fiber 
data.  The  agreanent  is  quite  good  in  Figure  11,  Figure  12  shows  a  definite 
trend.  In  both  charts,  the  leveling-off  tendency  at  the  high  wark-tO“ 
j*upture  val-ues  probably  indicates  that  there  is  an  upper  limit  to  the 
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Figure  11  -  Relationship  between  Fabric  Wear  Course  Scores  and 

Tarn  Work  Coefficients 


WEIGHTED  WORK  COEFFICIENT 


•Z 


•iEiP; 


Figure  12  -  Relationship  between  Fabric 
Wear  Course  Scores  and  Wei^ted 
Work  Coefficients 

30 


contribution  that 
can  be  made  by 
the  mechanical 
properties  of  the 
component  fibers 
to  ultimate  wear 
resistance  and 
that,  at  high  work- 
to-rupture  levels, 
geometric  factors 
begin  to  play  a 
more  significant 
role.  In  general, 
the  data  of  this 
study  substantiate 
the  generally  ac¬ 
cepted  belief  that 
the  mechanical 
properties  of 
Hbers  do  signifi¬ 
cantly  influence 
wear  resistance 
and  that  it  is 
possible  to  select 
fiber  types  in  the 
design  of  a  fabric 
that  will  provide 
enhanced  wear  for 
specific  applications. 


6o  Conclusions 


As  pointed  out  in  the  introduction,  one  cannot  safely  generalize 
about  the  behavior  of  fabrics  from  data  obtained  on  samples  made  by  a 
single  manufacturer  under  a  very  specific  set  of  conditions  for, 
obviously,  the  performance  of  a  fabric  may  be  Improved  with  experi¬ 
mentation  and  with  further  production  experience.  However,  the  wear 
test  results  obtained  in  this  study  appear  to  be  sufficiently  plausible 
from  the  standpoint  of  practical  expectations  and  consistency  with 
theory  to  lead  to  some  general  conclusions.  Accordingly-,  id  thin  the 
limits  of  experimental  error  and  assuming  that  there  is  a  real  signifi¬ 
cance  to  the  wear  course  at  Fort  Lee  in  terms  of  what  might  be  expected 
in  actual  combat  wear^  the  following  is  tentatively  stated: 

a.  From  the  standpoint  of  wear,  blende  of  wool  with  nylon, 
polyester,,  or  modacrylic  fibers  are  superior  to  all-wool  or  to  blends 
of  wool  with  viscose, 

b.  Among  the  hydrophobic  fibers,  30  percent  blends  with  wool 
provide  a  hi^er  3evel  of  wear  resistance  than  1$  percent  blends, 

Co  The  effect  of  weave  in  the  specific  sanples  tested  was  not 
pronounced, 

do  Wear  resistance  of  a  fabric  is  in  general  a  function  of  the 
energy-absorbing  properties  of  its  component  fibers.  Those  fibers  pro¬ 
viding  the  highest  integrated  work  values  produced  the  best  wear- scoring 
fabrics. 


e.  The  sand  abrader  provides  a  type  of  action  in  the  laboratory 
that  agrees  quite  well  with  that  provided  by  the  wool  wear  course, 

f.  The  Stoll  Flex  Abrader  does  not  give  results  that  agree  closely 
with  those  observed  on  the  wear  course,  probably  because  of  its  sensi= 
tivity  to  thermal  and  lubricating  effects, 

go  The  conclusions  on  durability  reached  in  Textile  Series  Report 
107  C2J  have  generally  been  borne  out  by  srab sequent  studies,-,  except  that 
the  modacrylic  blends  were  found  to  be  far  superior  to  the  all^voolo 


31 


References 


1„  Monego,  C.Jo,  "A  Siirvey  of  l8-0unce  Blended  Serge  Fabrics: 
Manufacturing  and  Riysical  Properties,"  Textile  Series  Re¬ 
port  Noo  106,  Quartemaster  Research  and  Engineering 
Command,  Natick,  Mass^,  May  1959 

2o  Menkart,  J  (Harris  Research  Laboratories),  "A  Survey  of 
l8"Ounce  Blended  Serge  Fabrics:  Laboratory  Evaluation," 
Textile  Series  Report  No,.  107,  Quartermaster  Research  and 
Engineering  Command,  Natick,  Masso,  September  1959 

3.  Weiner,  L„Io,  "A  Note  on  the  Influence  of  Finish  on  the 
Flex-^Abrasion  Resistance  of  Cotton  Sateen,"  Textile  Re¬ 
search  Jo,  2i>  (1962) 

Stoll,  RoGo,  "An  Improved  Multipurpose  Abrasion  Tester  and 
Its  Application  for  the  Evaluation  of  the  Wear  Resistance 
of  Textiles,"  Textile  Research  Jo,  1^,  39li“iil-5  (I9h9) 

5.  Hovell,  HoGoj  KoWo  Mieszkis,  and  Do  Tabor,  "Friction  in 
Textiles,"  New  York  Textile  Book  Publishers,  Inco,  NoY„, 

(1959) 

6.  Weiner,  Lo  x  ,  ‘'’Frictional  Heat  in  Flex-Abrasion,"  MER 
Noo  8186,  Quartermaster  Research  &  Engineering  Command, 
Natick,  Mas  Sop  January  1962 

7o  Hamburger,  Wo  Jo,  "Mechanics  of  Abrasion  of  Textile 
Materials,"  Textile  Research  Jo,  169-177  (I9h5) 

80  Susich,  Go,  "Abrasion  Damage  of  Textile  Fibers,"  Textile 
Research  Jo,-2l4.«  210-228  (l95h) 

9o  Abrams,  Eo  and  H<,Po  Whitten,  "Abrasion  Resistance  of  Multi¬ 
filament  and  Staple  Yarns  Tested  on  the  Modified  Walker 
Abrader,"  Textile  Research  Jo,  980-989  (l951i) 

10,  Weiner,  Lolo,  "Some  Aspects  of  the  Performance  of  Man-Made 
Fibers  in  Military  Clothing  Fabrics"  (in  press) 

Ho  Walker,  AoC,  and  PoS,  Olmstead,  "Textile  Yam  Abrasion  Test," 
Textile  Research  Joy  35,  201=222.  (I9ii5) 

12o  Archard,  JoFo,  "Contact  and  Rubbing  of  Flat  Surfaces,"  J, 
Apple  Phys,,  981  (1953) 

13,  Chapman,  JoAo  and  JoWo  Renter,  Proc,  Royo  Soco,  A  226,  liOO 

(I951i) 


32 


llj.  Backer,  S.,  "Report  on  Contract  No.  DA  19-129-QJ'1-1063,"  Textile 
Division,  MIT  (1958-1959) 

15.  Rabinowicz,  E.,  L.A.  Dunn,  and  P.G.  Russell,  "A  Study  of 
Abrasive  Wear  under  Three-Body  Conditions,"  Wear,  3h5  (1961) 

16.  Ernst,  H,,  "Physics  of  Metal  Cutting,"  from  Lectures  on  the 
Machining  of  Metals,  American  Society  for  Metals,  Cleveland, 
Ohio,  1938 

17.  Weiner,  L.I,,  "Snagging  of  Textile  Fabrics;  Comparison  of 
Laboratory  and  Field  Test  Results,"  Textile  Research  J.,  32, 

350  (1962) 

18.  Kaswell,  E.R,,  "Wear  Resistance  of  Apparel  Textiles,"  Textile 
Research  J.,  I6,  i4l3-i431  (19^6) 

19.  Backer,  S,,  "Relationship  between  the  Structural  Geometry  of 
Textile  Fabrics  and  Their  Physical  Properties;  Part  II:  Abrasion 
Resistance,"  Textile  Series  Report  No.  6I,  Office  of  Technical 
Services,  L^S.  Dept,  of  Commerce,  Washington,  D.C.,  19ii9 

20.  Weiner,  L.  I.,  "A  Note  on  Directional  Effects  in  the  Abrasion 
of  Cotton  Sateen,"  Textile  Research  J,,  31,  580  (1961) 


■33 


A >  : i  a  u.‘t>arnT  iata  i<  * 


osv^, 

.•w«a  ^  U  j»r/l  ,«««  i‘/V«  .>.r,t 


1  ».f 


lli.  • 


W.J 


•  fnm  ;,M  -V^E  Textile  SjTlen  fippl.  107,  Natick,  Mana.,  19^9 
a  flM  not  Ifnltn  In  (0  seconds} 

biThrf'#’  oijt  of  flv*-  3a^ples  ltd  not  In  60  secoids; 

c)?wo  o'Tt  of  fiVM  aamrles  did  not  Ifnlts  In  60  seconds; 
d/Tabrlc  molted  and  continued  to  flame  In  droplets; 
e)Vnlue  f'J"  one  sample;  two  sonplee  b’jrnrd  to  the  end; 


f)Av»j»pe  for  two  samples;  one  se-.rle  b’jrned  tc  Ih.e  end; 
f)Sampl03  melted  sfri  flamer’  to  the  end; 
hJSaccples  flaned  to  the  end; 

i) rabrlc  broke  aoiae  distance  from  the  eean; 

j) No  count  was  made,  because  high-speed  sevlnp  could  not  be  maintained, 


3h 


j  1-^  ■>  I  swci 


'f,*, 

•  '^ocl 
»!  VI, 

■•'•<  '•Aa  W.ol 
’•-’t  ‘.^.1  Vi, 

>•  1,  ’ 

Vrf  Worl 
V.*l  Hjion 

r^AXl 

I  t  W(xl 

o<ax 

•‘.t  Wool 
yi  Via 

:da)2 

8>t  Wool 

X.X) 

■’d  Wool 

Id  loiter 

ot.x5 

951  Wool 
I'l  irrrl.'. 

M' t 
l(ji  Wool 
JCl  Irrrl'l 

&<Ou.9 
?5J  'fool 
Ul  icryl-? 

-xaj9 
7d  Wool 
)0i  i  cr  y  1  - 1 

1".' 

Iv.. 

;*.■ 

19./ 

11. t 

IS? 

1st 

1’.' 

;*.o 

19.2 

19.9 

’i/i* ! 

'.•9  iS*. 

Tjti: 

90x5  S 

TOifX 

-•.. 

■-• 

■... 

‘).c 

«. » 

f  . 

■■ 

s. 

■. 

5t 

.“3 

.’I 

?j 

■ 

L? 

1.8 

r.. 

;  j 

y  .u 

U.3 

19,* 

IM 

1.  .  ) 

...- 

S ) 

M 

6.9 

i- 

.V 

.... 

- 

;■ 

;• 

18 

- 

If  til 

■....• 

' .  1.  .  ‘ 

..... 

'.jj7  i 

'i  ’ 

1..X  ^ 

ax55 

.  ^Vn:.  * ' 

.  3-''n  .■* ' 

.  3'C  .■•1 

.  •  r  .  ■ . 

1.  ‘  r  . 

.91tt  .“1 

C.95iC.!l 

i . ' » r. .  *  3 

- 

- 

;.^f *1.  ‘1 

9-' 

-- 

1.21x1.03 

- 

- 

.  /  r.  .1 

- 

.  .  '.XI  .  '  t 

- 

...I..- 

..-ji-.Jj 

- 

...ksl.K 

- 

l.CTtt.Jf 

^ ‘  X.' . 

‘  .2j‘.3 

' ,.r[ . . 

....... 

t,  .* 

SU3.1 

5. 1x3.1 

*  ...i:..; 

- 

- 

- 

' . ^xi .  3 

- 

U,2x\C 

- 

•• 

‘ '  t,. 

- 

- .  1. 

- 

tjx!..' 

- 

!. 5x6.0 

'iiTi 

■’•i" 

ViV 

e..-i 

•ss 

“3i“; 

79x91 

\ 

- 

- 

*  ^ 

fi- 

N 

: 

C 

c 

C 

'■'14  ■ 

H;,-. 

l.ff. 

-fir' 

Hlch 

1^' ill ^ 

Ki,i2*  ’. 

.3'  il"" 

1  1 J  1 

I llf  • 

If  .xli'J, 

v'jxn 

170x015 

' .  )x~.* 

.31..’ 

*. .  n" 

• I* .. 

■  .  .  »f  .  • 

*.'r  .■ 

’  .‘tll.f 

'  .Jl?  .M 

■’.5x:.,t 

8.2x5. 3 

n'-.Tdiv:' 

7‘‘''<yt)2*C 

..3tOt:.3uc 

),tiyUU 

a* 

lOiTtl'AK 

u  Vi:3  c 

:?£al;.r< 

U  /Oxlj’O 

UtOjlBSO 

i5?-on9io 

‘.CTtC.9 

-.Oil,? 

.‘ 

.1 

3.CR-.L 

2.iJtf 

3X>C.9 

3.2x0,® 

..r.c 

5.3rl.O 

y.^rc.f 

S. 3x1.9 

UU:.: 

).?r  .3 

r.s;.c 

.'i  ‘.w 

1.6XC.9 

3.’xC.a 

5.U1.P 

5.311.2 

?C.' 

U.f 

• 

?•  .3<3 

T..2 

rsi 

r.": 

t 

• 

« 

■ 

y.\ 

0 

5.) 

l.r 

ISC 

Si. 

*)  < 

0 

0 

0 

0 

j.<y. 

O.C) 

0 

0.05 

C.Ol 

C.Oi. 

0.05' 

0 

0 

0 

0 

OxiJ 

lo*?3 

‘'>5 

Llx9 

IXxliC 

50x72 

16x9 

23x29 

0 

0 

0 

0 

0 

0 

0 

C 

0 

0 

0 

0 

l*xl 

J|T/i 

i 

C 

1 

3x2f 

ItzJ 

6zl4a 

liCxh 

8 

SxL 

3xliJ 

UOl 

UOl 

138 

1581 

U66 

105 

liil 

U) 

115 

m 

112 

lilO 

103 

99 

9} 

101 

9li 

96 

99 

flJi 

95 

86 

89 

97 

- 

- 

115 

150 

J 

- 

20 

U5 

18 

1 

5 

Ui 

” 

" 

0 

III  a 

3L  2R 

- 

0 

0 

0 

0 

0 

0 

35 


04  r-i 


Os  o. 
rH  t~i  O 


:  t  s 


O  sO 
O  t^ 


-3  0  0 

o  cn  i/t 


I  t 


r’  t  t 


_3  cn  rH 
eg  r- 


»g 

I 

r 

u  . 

t- 

-3  c«\ 

eg 

cc 

cn 

-3 

a 

-J 

•g 

4. ' 

A  u  , 

rH 

cr 

rr 

cr  J 

vC 

J 

o 

r- 

r-  <n 

t 

1 

I 

O 

O 

d 

r-\ 

r% 

_: 

t—i 

rH 

eg 

eg 

eg 

C> 

fT 

ir  fT 

fg 

a-> 

cn 

e^ 

u 

a 

J  . 

cr  u'. 

rH 

rr 

cr 

-3  J 

e- 

rg 

C 

^ .  cr> 

! 

t 

! 

o 

O 

6 

-J 

rH 

rH 

eg 

0 

<: 

<» 

♦ 

♦ 

r~«  -3  a 

a' 

i/Na 

Os  ~3 

eg  -J  cr 

jeO 

cr  O  cr 

u 

cr 

rH 

cr 

r*  U\  m 

<g 

/r 

o  eg 

r-1  -3 

r- 

O  rH 

r-  GT'  f»  U\ 

rH 

r- 

cr 

rH 

Cj 

• 

O  cr  CT'  I 

rH 

e- 

-3cr 

«  eg 

u 

r-  a. 

r~  o  cr  or 

r, 

rH 

eg 

O 

P 

O 

r^  r^  j 

I 

eg 

/r  eg 

r^  eg 

Csj 

cr  ^ 

rH  rH 

•“- 

cr 

C^i 

rH 

ig 

I 

Q  U  ^  I 

f- 

o 

eg 

rH 

^  cr 

o 

cr 

Cj 

c 

eg 

r- 

O  cn  I 

-3 

ac 

r^ 

eg 

cr 

nO  cr 

U\ 

O 

a-' 

o 

rH 

og  o  -3 

rH  rH 


eg  o  ^ 


O 

rr\  \J-\ 


_3  -3  u  »  O 

eg  rg  rr\  \j'\ 


CD 

O 

gj 

rr 

eg 

• 

• 

o 

Os 

CD 

rH 

rH 

o 

O 

CC 

U‘\ 

O 

• 

• 

• 

00 

e- 

\f. 

rH 

rH 

O 

eg 

eg 

cr 

• 

• 

o 

H 

eg 

rH 

rH 

rH 

e- 

& 

eg 

-3 

OO 

CD 

O  O  o 

rH  ir\  Lr\ 


CO  CO  O  eg 


eg  eg  eg  eg  lA  u\ 

U\  rH  (O  m  o 


-3 

VA 

eg 

eg 

rH 

rH 

o 

o 

o 

rr 

-3 

rr 

rH 

eg 

eg 

o 

f-H 

rH 

O 

rr 

rH 

rr 

Os 

Q 

p 

Os 

eg 

rH 

eg 

-3 

D 

eg 

o 

fC 

eg 

eg 

OO 

CD 

OO 

vO 

O 

o 

eg 

rr 

Os 

O 

C- 

rH 

O 

V3 

• 

• 

• 

• 

o 

eg 

rn 

o 

o 

O 

o 

o 

o 

O 

rH 

rH 

rH 

o 

rH 

rH 

CO 

(L 

cV  cj" 


rH  rH  < 
W  U4  o 


eg  eg  eg  eg  eg  eg  eg 

^  m  o  p  w  Cr«  o 


36 


DISTRIEUTICN  LIST 


Comandinp  General,  U.  S.  Array  Materiel  Command,  Washinpton  2F,  D.  C. 

Connandinp  General,  Hqs.,  U.  S.  Army  Electronics  Command,  Fort 
Monmouth,  N.  J. 

Coramandinp  General,  Hqs.,  U.S.  Army  Missile  Command,  Redstone 
Arsenal,  ’’'jntsville,  Alabama 

Commandinp  General,  Hqs.,  U.S.  Arraj"  Mobility  Command,  28251  Van  Dyke 
Avenue,  Center  Line,  Michiran 

Commandinp  General,  Hqs.,  U.  S.  Army  M'onitions  Command,  Pica  tinny 
Arsenal,  Dover,  New  Jersey 

Consnandinp  General,  Hqs.,  U.  S.  Army  Supply  and  Maintenance  Comnand, 
Washinpton  2^,  D.  C. 

CoiTTiandinp  General,  ".  G.  Army  Test  and  Evaluatio-  Command,  Aberdeen 
Provinp  Ground,  Md. 

Commandinp  Cjcneral,  Hqs.,  U.  S.  Army  Weapons  Command,  Rock  Island 
Arsenal,  Rock  Isla’d,  Illinois 

Commandinp  Qflioer,  U.S.  Ar-y  Combat  Developments  Command.  Fort 
Eelvoir,  Virrinia 

Commandant,  U.S.  Marine  Corps,  Washinf.'ton  25,  D.  C. 

Commander,  Arme  ;  Services  Technical  Information  Apency,  Arlinpton 
Hall  Station,  Arlinpton  12,  Virpinia 

Commandinp  General,  U.S.  Anqy  .Combined  Arras  Group,  Fort 
Leavenworth,  Kansas 

Co.mmandant,  U.S.  Army  War  Collepe,  Attn:  Dir.,  Doctrine  and 
Studies  Div.,  Carlisle  Barracks,  Pa. 

Comumandlip  Cfficer,  U.S.  Ar.-qy  Combat  Service  Support  Croup, 

Ft.  Lee,  Virpinia 

Commandinp  Cfficer,  U.S,  Army  Office  of  Spec.  Weapons  Development, 

Ft.  Bliss,  Texas 

Commandinp  General,  U.S.  Ar^.y  Combat  Developments  Experimentation 
Center,  Ft.  Crd,  California 

Conrianding  General,  U.S.  Continental  Army  Command,  Ft.  Monroe,  Va. 

President,  U.S.  Army  Artillery  Bd.,  Ft.  Sill,  Okla. 

President,  U.S.  Array  Armor  Bd.,  Ft.  Knox,  Ky. 

President,  U.  S.  Ar.m;'.'  Infantry  Bd.,  Ft.  Eenninp,  Ga. 

President,  U.S.  Army  Air  Defense  Bd.,  Ft.  Bliss,  Texas 

President,  U.  S.  Army  Airborne  and  Special  Warfare  Bd.,  Ft.  Bragg,  N.C. 

President,  U.S.  Army  Aviation  Bd.,  Ft.  Rucker,  Ala. 

Conmandinp  Officer,  U.S.  Army  Arctic  Test  Bd.,  Ft.  Greely,  Alaska 

Commandant,  U.  S.  Army  Conuriand  and  General  Staff  College, 

Attn:  Archives,  Ft.  Leavenworth,  Kansas 

United  States  Arrr^y  Research  Office,  Box  CM,  Duke  Station,  Durham,  N.C. 

Director,  U.S.  Army  Engineer  Research  and  Development  Labs., 

Attn:  Technical  Document  Center,  Fort  Belvoir,  Va. 


Q!‘  liai»cn  dffi -rr,  ASDL-b,  Wrirr.t-fat  •  rrsor.  AI-’E,  Ohio 

lir^ctor,  O.S.  Ar.-^;  ioLlislic  hesrprch  L-boraior}',  Ab<*rdepn  Proving 
iro’ir.  i,  Mar^.'la/ d 

Oire'rt.cr,  0.  Ar~.y  y,.lrria!r  '.csparrb  i\r'^r.cy,  Watprlow;-.  Arsenal, 

W«t^rtour.  'T,  “acs. 

^'Tindini'  'c’.^ral,  Ar"-  I'acl^ar  I'efer.sr  Labor'  tory,  Arm;;^ 

IheT.ical  "en'^r,  .‘'ary’ani 

"o-r.anilr. "en'ral,  Arry  Ar'n'y,  Ar.ny  Ihenical  Center, 

Mar;.'la:.n 

;>.  j  ;uar ter-  ,  '  .  S.  Air  >  CC/;.T,  W^ni. Lnrton  2'^,  D.  C. 

lni'*f,  LLTr  Cci-r.c^r  "r'' ,  I  ir-' : '  era  ‘  of  n'-s-'aneb,  DCS/herearch 
and  Tec;.’.  Inr.-,  n.i’t  «-rr,  TSAI,  Warblncto:;  2‘',  IJ.  1. 

i -uart' rn ,  Air  '  .T'ann,  Attn:  lech  Library,  Wrirht 

"a'  ter:- a:.  A-  Ini  5 

;>a  1 :  ;ar  t ’•rr ,  .•r.''-.;;  Air  'nnra:.';,  Cffn't  Air  i-Drce  .'are,  '.'eiraska 
rir'’'’nn,  Vui  n.^;  "a;-':'  I...i  nr  .  tor;  ,  At*.'.;  lade  ^IbC, 

Washin,’^  an  1'  ,  '  .  1. 

li;-'’:’  r,  :  i  1  •ni-'ii  J''i'":.c-5  Di'.'.,  fl'l’i':'*  of  !iaval  nen'*arc;.,  kept, 

of  t '  n.  .  ,  A  ,  ■  .  i  . 

Ihirf,  ;  ir-an  'ova'.  '•>  :  ,  Lep;  .  of  •.'n*  i.a’.'y,  Vas.’.Ltw't  "n  25,  D.C. 

■:.i'*f,  ;-;r'‘ao  of  Sh;;;,  '-'i'*  :^'2'r,  ii-pt.  ;f  t.n'’  '.av/,  WaG.ninrt  n  2^,  D.  C. 
L'ir-'*or,  S’.ecial  Prc,;»c‘n,  i''' t.  of  t.n'*  f-vy,  Attn:  SP-2'’2,  Wash.  2^,  D.C. 

.'.'a.al  ^rn;.j’  ■-  ':>st  Station,  Attn:  Code  12,  China  Lake, 

■ialiforr.i- 

i  .r-'^Tr,  "a’Tia.  L;:'r  .;  ry.  Y.r,'  '  a’.'al  Sr.;r’'ard,  AtO.:  Li'rrarv, 

-Idr.  -li;  .  nr'  Klyn  1,  t. 

C.C.  A- -.•ni”  iu.Ty.-  ■'o-.-ni.;- ;■  i  ;i,  re''b.:.ical  -'■rn'is  Library,  Washington  25,  D.C. 
■f.S.  Ate  ic  a.*rry  Co.-".:  s' n ,  Cffice  of  Tech.  Infor-.a  t  i  :n ,  F.C.  fox  62, 

Cak  .Lidr^,  :''r.rn*ssee 

Co-.nandinr  '-:,'*r'l,  D’-f'".’.S‘'  -’i;;!;;.'  A  Def-nse  Cloth.ir.r  £:  Textile 

Supply  "'enter,  ffOC  S.  LOth  S‘.,  P.h Lladelphia ,  pa. 

;,'ational  er«:r^:  C'.  .T.'.'l,  ''I'l  r.s’i'.’ior.  Ave,,  Wasitinrton ,  D.  C, 

Cdft  and  Exenarre  Di'/ini  ri .  L  'rr-ry  '^'f  Cor.rr^ss,  Washinrt  n  2^,  D.  C. 

U.  S.  Depar  t.’^.e.’.t  of  ^o.-in^rce,  ’.'.e.'. ‘her  B’!rea'.i  Lilran-,  Wasi.inpton,  D.  C. 

U.  S.  Departr-.er. t  of  Arri cult jre  Library,  V.'asi'.inrton  2^,  D.  G. 

Conmandant,  Industrial  Coll^/'C  of  ’  Arried  forces,  Ft.  Mch'air, 

Washington  2^,  D,  C. 

Conmanding  Officer,  i'.S.  Ar-'y  Signaj.  inesearch  and  Development  I..al. , 

Ft.  Monmouth,  N.  J. 

Conmandant,  Air  Defense  School,  Ft.  bliss,  Texas 
ConT'andant,  U.S,  Army  Armor  School,  Ft.  Knox,  Kentucky 
Commandant,  U.S.  Army  Artillery  School,  Ft.  Sill,  Oklahoma 
Commandar.t,  U.  S.  Army  Aviation  Sc.hool,  Ft.  Rucker,  Alabama 
Commanda.nt,  U.  S.  Army  Infantry  Sc:  ool,  Ft.  Penninr,  Georgia 
Com.-'.andant,  U.S.  Army  Special  W'arf.rre  School,  Ft.  Bragg,  N.  C. 


2 


DISTFID'JTICN  LIST  (CONTD.) 


1  Con'nand.'irt ,  US  Ariny  Enfineer  School,  Ft.  Belvoir,  Virpiriia 

1  Conmar.da!:t,  US  Arm-  Transportation  School,  Ft.  Eustis,  Virpinia 

1  Co™a;idant,  Th'-  QK  School,  Attn:  Library,  Ft.  Lee,  Virpinia 

1  Co-juar.dinp  Officer,  Sold  Weather  Mountain  Indoctrination  School, 

Ft.  Greely,  Alaska 

1  Director,  Farire  Corps  Landinp  Force  Developnent  Center,  Marine  Corps 

School,  Qiantico,  Virpir. la 

1  Library,  Arctic  Institute  of  North  Axerica,  j'ifP  liedpath  Street, 

Montreal  2‘',  P.  Canada 

1  Director,  Air  Crew  E-ouipment  Latora t oiy,',  !,'aval  Air  Material  lenter, 

Philadelphia  12,  Pa. 

l6  Advisory  i-i.  on  C’-  ^t-E,  i.'ational  Research  Council,  University  of 

r-.i.ode  Isla;.';,  Kinpston,  R.  I. 

1  Conxar.d'-r,  AF  Cambridpe  Research  Ctr.,  Air  Res'*arcl'.  v  Developnent  Cnd., 

Laurer:ce  C.  h'onsc'n  Field,  Pedford,  Mass.  Attn:  CRTCTT-2 
1  Dire 'tor.  Air  University  iibrar'/,  Attn:  Maxwell  AFB,  Alaban.a 

1  ci.e  Arny  Library,  pentapon  Pldr.,  V.’aEhinfton  2"^,  D.  C. 

1  National  Res'*arcr.  Council,  21C1  Constituti-'r.  Ave.,  Was,*-i.npton,  D.  C. 


